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(proc M 


oleforu okon edi ky 


Basic 
Deformation 


Mechanism | No. Name 


Forming Process 


Diagram | 


Instantaneous 


Zone of 
Approximate State of Stress Deformation State of 
at Square (Cross-Hatched) | Deformation 


Squeezing I | Closed die forging Whole part Nonsteady 
(chipless (drop or press) 
forming) 
2 | Coining Whole part Nonsteady 
Nonsteady 


3 | Upsetting (open dies) 


forward) 


backward) 


Upsetting (closed dies) 


4 | Extruding flats and 
rounds (direct or 


Extruding flats and 
rounds (indirect or 


shapes (reverse 
canning) 


5 | Extruding hollow 


Whole part Nonsteady 
Zone near Steady 
orifice 

Zone near Steady 
orifice 

Zone under Nonsteady 
punch 
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Instantaneous 


Forming Process 
Basic Zone of 
Deformation Approximate State of Stress Deformation State of 
Mechanism | No. Name Diagram at Square (Cross-Hatched) | Deformation 
Squeezing, 6 | Rolling flats, rounds Zone under Steady 
(chipless and other shapes rolls 
forming) (without front and 
—contd, back pull) 
7 | Spin forging of tubes Zone under Steady 
(drawing type) roller . 
Spin forging of tubes Zone under Steady 
(extruding type) Ê roller 
8 | Spin forgi 
pin forging of cones Zone under Steady 
| : roller 
9 | Swaging and k 
ging and kneeding Zone under Nonsteady 
| tools 
Drawing — | IO | Wire and bar drawi : 
(chipless ar drawing Zone in die Steady 
forming) 
lI | Tube drawi 
rawing Zone in die Steady 
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Forming Process Instantaneous 
Basic Zone of 
Deformation Approximate State of Stress Deformation State of 
Mechanism | No. Name Diagram at Square (Cross-Hatched) | Deformation 
Drawing 12 | Deep drawing of cups, Whole flange Nonsteady 
(chipless boxes, and other 
forming) shapes 
—contd. £D 
13 | Embossing (also Zone in die Nonsteady 
beading and dimpling) cavity ^ 
l4 Stretch forming Whole part Nonsteady 
15 |. Bulging 
Zone in die Nonsteady 
| cavity 
16 | Roll forming ——M— —— 
Zone between | Steady 
rolls 
' Bending 17 | Straight flanging 
(chipless in bend and in | Nonsteady 
forming) " flange 
zi 4 2» 
18 | Stretch flanging 
(concave flanges) In bend and in Nonsteady 
flange 
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abc eniin MBA. A, C ee hi ae 


Forming Process Instantaneous 
Basic Zone of 

Deformation Approximate State of Stress Deformation State of 
Mechanism | No. Name Diagram dt Square (Cross-Hatched) | Deformation 
Bending 19 | Shrink flanging In bend and in | Nonsteady 
(chipless (convex flanges) --— 7^ flange 

forming) e SEER 

contd. 

20 | Seaming In bend Nonsteady 

Cutting and | 21 | Press shearing and ^ In narrow shear | Nonsteady 
shearing cutting off zone 

(chipless 

forming) 

22 | Notching and nibbil, 
£ £ Under tooi Nonsteady 


In narrow shear Nonsteady 
zone 


Cutting 
(chip in narrow shear Steady 
forming) zone 


(ey en ee eel) 

25 | Machining as in 
turning, drilling, In narrow shear Steady, except 
boring, milling, zone in some 
broaching, sawing milling 

operations 
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TABLE I.1—contd. 


| | Forming Process | | Instantaneous 


Basic Zone of 
Deformation : Approximate State of Stress Deformation State of 
Mechanism | No. Name Diagram at Square (Cross-Hatched) | Deformation 
Cutting 26 | Grinding (also in in narrow shear | Quasisteady 
(chip lapping, honing, zone 
forming) polishing) 
—contd. 


* 


| | | [SENE work | | m | | 


This table is based on a modified classification due to Prof. Dr. Ing. O. Kienzle of the Tech. Univ. of Hannover, Germany. The instantaneous 
deformation zone is shown shaded and the state of stress is given for the element indicated in the deformation zone. 
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Strain (Lecture 2) 


-— = l- Al 
Engineering Strain, € = = 
lo lo 
dl 
True Incremental strain, dE = — 
dl dA 
Incremental strain, d E= — = — Pu 


Total true strain, 


l 
e= fd e= |“ = [nr]; = In 
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(1-18) 


(1-19) 


Two-Dimensional or Plane Strain Deformation 


ABCD: small undeformed rectangular element 
A'B'C'D': after deformation (parallelogram) 


u, w: displacements along X and Z respectively 


A 
Z Ou 


Qt 
geese 
ett 
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oat 


X dx x 


Normal strains = extension/contraction 


def? Fell Par 
UI A'C-AC A'C a 
AC AC 


This document is available free of charge on StuDocu.com 


Downloaded by Khalil Alhatab (alhatab22@yahoo.com) 


For small deformation: 


A'P e A' C' anq tan PA'C'z ZPA'C' 


-ut ik 


A'P ox 
e,, #——_-l= -1 1-25 
"e AC dx nen) 
Or tuc (1-26) 
L5 
Ou 
«o» pu 


: — dx 
"NN ël 
i EU | 
Ww 
A C 
| e 
u 
“ 0 
< >< "or dfi 
X dx Ó 
£y, =0 
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Sui eys 
OZ 
Shear strains =Angular distortions (Zs RA'B' & PA'C') 
PAC SY and ZRA'B'x & 
Ox OZ 
d ey 
Ow . "t Oc 
iii Zi R eer D 
i7 | 
^^ p D OW ny 
n Ó 
a i NM £ 
| MIELE 
pu Ld A e : C 
E 5 >< di » iD ds 
» 
£y, =0 X 
Total shear strain, y,, = E» + a (1-29) 
Ox OZ 


This document is available free of charge on StuDocu.com 


Downloaded by Khalil Alhatab (alhatab22@yahoo.com) 


Normal Strains: 


Shear Strains: 


Ou 
“xx Uo 

| ov 
“WY By 

OW 
LE 

_ Ou | Ov 
y S DE 

| Ov. Ow 
ER ON 

.Ow Ou 
xz Ox OZ 


(where v is the displacement in the y direction) 
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Strain tensor 
e 


Xx e ZX 


= 1-31 
ej = ey ey ey ( ) 


xZ yz 22 


Small deformations (occurs in pure shear): ejj is a tensor 


Large deformation (involves “simple” or engineering shear, 


simple shear = pure shear + rotation): ei is not a tensor 


Metal forming involves large deformation (or simple shear) 


A 
Raf oic m 
= aah + 
, : " Lx F 
Engineering Shear Strain =y T Rotation 
ear rain = 9 
(or simple shear) (pure shear) (rotation) 


Tensor shear strain, Ca ae l OU | Ov (1-32) 
2 M 20y Ox 


Tensor (or pure ) shear strain in half the engineering 
shear strain. 


l l 
Notation: e, = e,, (normal) and 5 YX = ey (shear) 
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Strain Transformation Equations: 


Normal strain, e, , transforms the same way as o, 


Pure shear, Yxy / 2, transforms the same way as xy 


Plane strain: 
e, = Y, 7 Y, =9 (e,,e, and y,, #9) 


Esa de (A) 
ET im “jn “mn 


(A)> ey =el xx ey xy tYxylexlyy (1-34) 


Ds quc NEN + TN 


Yxy at yy * Lyx ley) (1-35) 


(1-34), (1-35) — strains transformation equations: 


e. +e Qo e 


y veh gp y "xy 


e= + cos20 + —-— sin20 
X 2 2 
e, +e e, Te Yyy 
e ,= an y cos20 — —— sin20 
y 2 2 2 


—(e, — e, )sin20 + y x c0320 
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Principal normal strains: 
e, +e 
2 


Maximum engineering shear strain, 


l NEN 
ej,e5 = ~# T(x - ey) ty s Y? (1-36) 
l 
2 2 
Ymax =L(€x -ey) PY MZ (1-37) 
Strains on a plane (in terms of principal strains): 
l l 
e,,e, =— (e; te, )+—(e; — e» )cos20 (1-38 
x ey 2 1 +e) 2 1-62) (1-38) 


Yxy = (e; —e> )sin20 (1-39) 


Mohr’s circle for strain is identical to Mohr's circle 
for stress. 


Simply, replace t by y/2 along the ordinate. 
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Plastic Instability (Lecture 8, Chapter 4) 


Plastic instability refers to deformation under falling 
load, pressure, stress etc. - deformation process is 
unstable - deformation starts to localize into a small 
region of material. 


Instability under uniaxial tension: 


Onset of plastic instability [| | 


Displ. or strain F 


G-(F/A) or F=6A (4-1) 


At max load, — 0 >dF= odA + Ado = 0 (4-2) 


4-2)— —-—=dé ———-296 4-4 
(4-2) = N de (4-4) 
Also, o=Ké"> en =Kne"!="Ke" (4-5) 
dé E 


(4-4,(4-5)—  m-CTKzg"- 
E 
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Plastic instability under uniaxial tension (cont'd.) 


When £ >n > F > Fnax, O ° OUTS, 


= material reaches its instability point. 


Considere criterion do 


dg 


Graphical construction 


At instability point, the magnitude of slope, T. is 
E 


equal to o. 
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Plastic instability under balanced biaxial tension 


For example, consider balanced biaxial stretching of 
a thin sheet (F = F,): 


F, 
T l > Fi =F, 
j to 
| A , 
Fo Wo »^ 
LEBEN 
y 
F 791A, (A) 
(A) 
d dA 
or ee la de (4-8) 
0 Ay 


1/2 
© = e -o4) *(05 -63)° + (03 -0° | 


Balanced biaxial stress state: 6, = 05, 6; =0 


"2 =6,(=6,) (4-9) 


1 
soc lo +a] 


J/2 
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Plastic instability under balanced biaxial tension 
) 172 
Effective Strain: £ = E + i + E ) l (2-21) 


Balanced biaxial strain state: £j = & 


Incompressibility > £4 = —(& + £5) = -26 
) 1/2 


(4—9),(4—-10) > (4-8) > 


do do do, do do, de, 
= x = — x — x — 


de do, d£ do, de, de 


dé 
or < -5 (4-11) 
E 
Also n nkz" = £5 (B) 
dg g 
(4-11) and(B) —^ é=2n (4-12) 


Biaxial instability strain is twice the uniaxial 
instability strain. 
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Thin walled sphere under internal pressure 


Consider free body diagram (FBD) of ^ ofa 
spherical pressure vessel, as shown below: 


Co-ordinate system: 
1, 2, 3 = X(axial), Y(hoop), Z (radial or thickness) 
symmetry => 0; =9) (04 = ()) (A) 


Force balance in X (or 1) direction: 


to a cmm = o, (2mrt) 
yrs 

i En P (nr?) 

“i ^ L | pest 


c, Qzrt) = P(ar?) 


E P(zr?) _ Pr 


2o,t 
Or 0, = = — = — 
2zrt 2t 


—P (4-13) 


where P = internal pressure 
r, t instantaneous radius and thickness 
(at pressure P) 


At instability, P = Pmax or dP =0 
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Sphere under internal pressure (continued) 


(4-13) 
= Zot , Po (4-14) 
r r r 
d 
or 1- Ea (4-15) 
01 r t 
BE - da, Br = d£, (B, C) 
r t 
d 
and de, = de, = aa (D) 
d 
(B), (©, (D), (415) >S =-2de; (4-16) 
O] 2 
From definitions of o and £ , (A) and (D): 
de 2—d£43,0 = 0] (E) 
(4-16),E=> m ds or MEE (4-17) 
o 2 de 2 


Power law: 6 = K” > ae -nKz"!-Lg (F 
dé g 
(4-17),(F) => & =(2/3)n (4-18) 


Effective instability strain under internal pressure is 
2/3" of instability strain in uniaxial tension. 
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Sphere under internal pressure (Continued) 
Calculation of pressure: 


E = mE) —t-tgexp(e4)-tgexp(-2£) (4-19) 
0 


& = mf > r = rgexp(a) = roexp(E /2) (4-20) 
'0 
aa Br 2) Prpexpe/2) 
2t (419) 2tgexp(-£) 


t 
or P=26 (s ew - 2 :| 
fo 2 


Or P=2Ke- (| exp | (4-21) 


Ip 


(4-18) 
Since P = Paay when € = rur one obtains: 


(4-21) t2 wv 
Ba, = 2K|-— & exp(-n) (4-22) 


Ip 
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Sphere under internal pressure (Continued) 


P-2Kz" [n ex - 2j 
Ip Ri 


A plot of equation (4-21) gives: 


P 


QKt,/r, ) 


Normalized 


Remarks: 


pressure, 


0 


(4-21) 


10 11 12 13 14 
| | | | 

1.0 ! 

i - 
0.8 L i- 

| = 2n. 
0.6 L P MEC 3 = 0.167 
0.4 - Maximum wall 
force at €=2n=0.5 
0.2 n=0.25 
| | | | | | 


0 
0 0.1 02 0.3 0.4 0.5 0.6 


E€ 


[1]. Max pressure occurs at £ = (2/3)n (instability). 


However, deformation continues and no strain 

localization or failure results. 
[2]. Force in the walls continues to increase until 

&€ = 2n. Even at this point, localized deformation 

can not result in a sharp neck because: 


(4-13) . 
sharp neck — smallr — small 6 in the neck. 


Therefore, any localized failure will be triggered 
by a defect or inhomogeneity. 
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Effect of inhomogeneity on uniform strain 


Consider a tensile specimen with a geometric 
inhomogeneity at the centre — a slightly smaller 
dimension in region a compared to b, as shown: 


* — Upper grip 


» Specimen 


<— Lower grip 


| 


def A 
Define an inhomogeneity factor, f = ra (4-23) 
b0 


Since Ao <p» f <1 


(lower f > stronger ‘inhomogeneity’ and vice versa) 


Force balance: F, =F, >A,6, =Apoy (4-24) 
Assuming power law, o = Ke”, (4—24) > 
A A0€XP(— 6a Ken = ApgexP(-ép )Kep (4-25) 


(4-23) > (4-25) > fe, exp(—é, ) = Ep exp(-&y ) (4-26) 
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Numerical solution of equation 4-26 for 
different f values (assuming n-0.25) 


fe; exp(—é, ) = Ep exp(-& ) (4-26) 


Assume f and n, then calculate £, and ey. 


Eg > © > Ep `> &y(limiting value) 


f 
0.25 |. 1.0 
0.995 
020 |. n=0.25 
£y y 0.990 
015 |. 0.980 
0.950 
0.10 |. 0.900 
NEQNE ME 


0 0.05 0.10 0.15 0.20 0.25 


Ca 
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Numerical solution of equation 4-26 for 
different f values (assuming n=0.25) 


fe; exp(—é, ) = £p exp(-&) (4-26) 


— 0.25 
02 v 0.208 
* 
Eb 
| 0.996 
0.1 Fr 
n -— 0.25 
0 | | l l l | | l l l 
1.0 0.98 0.96 0.94 0.92 0.90 
f 


Note: 


Even a small inhomogeneity has an appreciable 
effect. For example, consider a tensile specimen of 
0.505 in diameter and maximum variation of 0.001. 


tz 


Aa0 (d,9) (0.505) _ 


; + = 0.996 => ay = 0.208 
A bo (dho) (0.504) 


Now compare this value to £, = 0.25 (for f= 1)! 


Downloaded by Khalil Alhatab (alhatab22@yahoo.com) 


Numerical solution of equation 4-26 (continued) 


Effect of n-value: 


fe; exp(-&,) = Ep exp(—& ) (4-26) 


0.30- 
0.25 - P 
„ 0.20} f 
Eb i P 
0.15 E 
iy 
0.10 + "a 
oo 
0.05 - 
0 LE | | | | — 
0 0.05 0.10 0.15 0.20 0.25 0.30 


n 
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Example Problem (prob. # 4-12 from text) 
Consider a material which undergoes linear strain 
hardening. Its true stress-strain curve in tension is 
given by o =Y 4+1.35Ye. 

[1]. At what value of true strain will necking start? 
[2]. Suppose a stepped tensile bar is made from this 
material. The initial cross-sectional area of 

region | is 0.990 times the initial cross-sectional 


area of region 2. 


What is the strain in region 2 when the strain in 
region | reaches 0.200? 


1 2 


= eee = 
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Wire or Rod Drawin 
(Chapter 7, Lecture 13) 


Ihatab22@yahoo.com) 


(a 


ilabl of charge on StuDocu.com 


rocess bv slab method: 


Analvsis of wire drawin 


Consider forces acting on a conical element: 


Drawing die or 
extrusion chamber (container) 


T 
"3 
af 
b. 
g 


T 
O © 


e| 
i” 


Q 
+ 
c 
a 
43 
YY, la 7 AA 
qQ 


T 
Wi, 
L 


i 
ABARRA) 


77 


Basic governing equations are similar to strip 
drawing (equation 7-8 earlier) as well as extrusion. 
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Analysis of wire or rod drawing (Continued) 


Die F 
medi up 
iud ge d 
eee og 
N 1 


~ Ed 
Expression for drawing stress: 


o -a[ E i-e - Be, ) | (7-14) 


Oo «Y (for e, 2e20), Y = mean flow stress 
m h m 


where B= u cota 


1 


Assumptions used in the derivation: 


a is small 

redundant strain is negligible 
reduction is low 

u is low (sliding friction). 


Assuming sticking friction, uP =k: 
o =(1+1/sin2a)-2k-e, 
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Example - Wire drawing (Problem 7-10 of text) 


A metal having a constant flow stress of 5,000 psi is 
to be drawn from a 4-in diameter to a 2-in diameter 


using a die of 30° semi-angle. 


Calculate the drawing stress if the friction condition 
at the work piece interface is: 


[1]. Frictionless 


[2]. Sticking 
[3]. u = 0.20 
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Open Die Forging 
(Chapter 7, Lecture 14) 


Workpiece 
h, 
2 


Friction forces 


_Barreling 
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Direct compression in plane strain of a block - 
slab analysis 


Pressure is applied normal to the surface of the block 
P 


P 
v «— — —— uP 


o. 
o, +tdo | 44> * h 


» < — 
X o,tdo, dx 


Expression for pressure distribution: 


P 2 Ux 
T r—À 7-18 
ak PR VEM 


Eqn. (7-18) gives pressure as a function of x: 


(for a given block height h, material shear strength 
k , and coefficient of friction 4). 
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Rise of P towards centreline (“friction hill): 


P 2 Lx 
|L— exp — 7-18 
Eo ey 
2.5 | 
2. p= 02 i 
P 154 no. 
2k C = ; 
05] %54 | u =0(flat) p > 
0 | j 
1 9 38 4 
x/h i 


Maximum pressure, P , occurs at the centre line 
max 


where x - 5/2 


. » ). (7 : 18) on E (7-19) 


Note: This is a sliding friction case. 
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Average pressure, E (for sliding friction case): 


P 2 ux 
— = exp—— 7-18 
ok Ph ae 


First, calculate average force, F (in Y direction): 
y 


b/2 (1-18) b/2 


F = | Pdx = Í 2kexp A) dx 
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Expanding: exp DENN 5 B os] 


and after neglecting higher order terms, one obtains: 


P 
-ay _4, 155 (7-23) 
2k 2h 


Average pressure, P ,isafunction of: 
av 


e geometry (b and A) 
e friction (u) 
e flow stress of the material 
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[2]. Sticking friction at the interface („P = k) 
Pressure Distribution: 


(Linear distribution of pressure with x) 


[1]. At the centre line (or mid-width) 


| z N *=2/2) " D 


[2]. At quarter-width 


P (x=b/4) b 
_av = Tp: — 
2k 4h 
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Plane Strain Compression — Summary 


Sliding friction Sticking Friction 
LP « k LP —k 


es ^ (7-18) P=2k i (7-24) 
Lb 
= 2k exp (7-19) =a 1+2 A 25) 
X h ones 


= 2 exp 2) -1|(7-22)] p cae (7-26) 


av ub av 


av 


P 26] 145 | (7-23) 
2h 
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Example — Direct compression in plane strain 


A rectangular work-piece has the following original 
dimensions: length (or b)2120 mm, height=30 mm, 
width 2 20 mm. Material parameters of the work 
piece are given as: K=400 MPa and n=0.3. The work- 
piece is being forged in plane strain with 4 = 0.2. 
Calculate the force required for the height to be 
reduced by 20%. 
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Axisymmetric compression 
(Chapter 7, Lecture 15) 


Slab analysis is similar to previous cases (strip 
drawing, axisymmetric wire drawing and plane strain 


compression of a block). 


Element analyzed is a ring of differential thickness, 
dr, and height, h, and located at radius, r, from the 


centre. 
ds : *»0,-do, 


Steps: 

[1]. Force balance in the radial direction — gives a 
DE in terms of o, 

[2]. Simplify DE with o, =o, 


[3]. Simplify DE with yield criterion: 
O,*tP-Y,o;--P 
[4]. Use B. C. to obtain a closed form expression for 
pressure distribution 
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Axisymmetric compression (Continued) 
[1]. Sliding friction: 4P <k =P <k/u 


Pressure distribution: 


P =Y exp E - r) (7-32) 
(7-32) > rop P (R-7) skin 


.. Limiting radius, r* = R— Ea én [E 
2u LY 


For sliding friction over the entire surface (r=0): 


Maximum pressure (r = 0): 


(7=32) 2uR 


P =  Yexp—— 
max h 
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Axisymm. Compression - Pressure Distribution 


Average pressure P 
a 


Approximation of (7-34): 


2 
P arni e decan (7-35) 
a 3 12 h 
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Axisymmetric Compression 
[2]. Sticking friction: P =k 
Pressure distribution: 
P=Y+(2k/h)(R-r) (7-37) 
Maximum pressure: 
(7-37) > P=Y+(2kR/h) 


Average pressure: 


px E Aas 2k 
P =—x | P: 2ardr -— Y €^ (QU - 1) |2ardr 
a nR O AR^ Q h 
pog ees (7-38) 
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Axisymmetric Compression - Summary 


Sliding friction Sticking Friction 


LP « k 


p- rex (n : n) (7-32) |P=Y+ (R - r) (7-37) 


Ve 


h 


a aS 
3h 
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Example — Axisymmetric compression of a 
cylindrical work piece 


Given: 
SAE 1040 steel cylinder being forged at a high 
temperature. Yield stress at forging temperature = 


6000 psi. 


Starting size: 3 in. high and 1 in diameter 
Finished size: 1.5" high 


Calculate: 


[a]. If u 2 0.4, determine the average force 
required for upsetting. 


[b]. How much extra force is required over what 
would be needed if friction was absent. 


[c]. If it takes 3 seconds to produce the forging and 


efficiency is 40%, determine the power 
requirement. 
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Rolling 
(Chapter 7, Lecture 16) 


Perhaps the largest amount of metal is processed by 
rolling — a primary metal forming process for 
subsequent sheet forming (or stamping) operations. 


Hot strip Pickling and 
oiling 


- S 
Ee a 


Cold strip 


[S Steel plates 


Continuous casting 


DS Cold-drawn 
or ingots 


CIS 

Hot-rolled bars 
Es 

ODDS d Wire and wire 

Mo oas products 
N dS 

e Tube rounds 


emi pA] on Seamless pipe 
Bloom = Male Pp 


Structural shapes 
DAR ID 
DOR S m 

Rails 
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Flat Rolling 


Rolling can be assumed as a plane strain compression 


problem, i.e. £ ~Oandé z-e (except at the edge) 
y Z X 


Plastic 
zone 
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Flat Rolling 


Torque applied, 
constant angular 
roll velocity (©) 


Friction acts in opposite direction 


Workpiece 


Neutral point, N « a point on roll surface where the 
velocities of the roll and the metal are the same. 


1.€., V =v 
roll metal 


LeftofN: v V 
metal roll 


Right of N: > 
"EU eietal M 
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Flat Rolling (Continued) 
"Friction hill" exists - similar to plane strain 


compression of a block. 


A schematic plot of roll pressure and strain 
distribution from entry to exit is shown below: 


Friction 
hill 


Strain 


where L — Cord of arc of contact 
(or *contact Length", to be discussed later) 


The peak in the roll pressure corresponds to the 
neutral point (to be discussed later) 
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Analysis of Flat Rolling - Slab Method 


uP 


Entry Zone Exit Zone 


Assumptions 


[1]. Plane strain deformation (€ =0) is assumed 
w 


[2]. Force balance equations are set-up slightly 


differently for entry/exit elements as shown. 


[3]. For a strain hardening material, Y = o (€) 


[4]. Product of flow stress, Y , and current thickness, 


h, is constant, Yh ~ constant 
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Analysis Steps for Roll Pressure Distribution 
[1]. Force balance for the representative element in 


X and Z directions to obtain DE in o, and 
Oz (= =P ) 
[2] . Simplify DE using the yield criterion 


[3]. Simplify DE using following geometric 
relationships: 


zd 
cos = £ 


R 


(1) 


where R= radius of the rolls 
g=angle between the roll and the work piece 


h, h f = current and final thicknesses 
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Analysis Steps (continued) 


JES (1) 


cos = 


R 


(1) 2 Heu e R (2) 


Using cos ¢ = 1-(2sin?(4/2)), sin? (9/2) « (6/2). 


(2)> h=h,+R¢° (3) 


f 
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Flat Rolling - Roll Gap Geometry 


R-Roll radius 
Ah —h,—h , (Decrease in thickness) 


EN 


Q=Projected contact length 
L=cord of arc of contact 


Y» 
—s 


1^ 
| 
| 
l 
| 
| 
| 
| 
| 
| 
| 
| 


>Re 
| / 


2 2 
(B) >(A)=> I?^-2RAh- (=) + e 


or L=~RAh= UT (C) 


since rolling reduction, r = (Ahi hy) r= (m -h, )/ho 


L= cord of arc of contact (“contact length") 
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Roll Pressure Distribution 


P-CY : exp(x uH ) (4) 


def” 
where H = 2 Car EY (5) 
h h 
| f f 


and C = constant (obtained from B. C.'s) 


Notes: 


[1]. The sign - and + in eqn. (4) applies from entry to 
neutral point and neutral to exit regions respectively. 


[2]. His a geometric parameter that varies with angle 
o. The value of H corresponding to entry, 


neutral point are designated Hy) (¢=a@), 
H, (¢=¢,) respectively. 


(5) 
Also, at exit, H=H, =0 (since $-0) 


[3]. The B. C. are different for entry and exit 
elements and therefore separate expressions are 


obtained for roll pressure distribution on both 
sides of the neutral point. 


This document is available free of charge on StuDocu.com 


Downloaded by Khalil Alhatab (alhatab22@yahoo.com) 


Roll Pressure Distribution - Entry Zone: 


P.- CY —exp(-uH) (4) 


def" 
where H = 2 Bee) ay 5) 
h h 
f a 


Calculation of C from B. C.’s: 


(5 | | 
@=a,H =Hy = 2 Eun E ,P-Y (6) 
h h 
f f 


(6) > (4) => Ce (R/hg)exp (Ho) (7) 


70m 


where h 07 height of the work piece at the entry side 
0) > (4) > 

P=Y(h/ho) explu(Hy - H)] (8) 
Note: P=P(Y, u, hġ,h, R, h 


0° pa and $) 
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Roll Pressure Distribution - Exit Zone: 


P - CY -exp(*uH) 


def" 
where H = 2 Ep E 
h h 
f f 


Calculation of C from B. C.'s: 


(5) 
ó-0, H-H, -0, P-Y 


(9) (4) > CTR 


(10 (42 P= | exp (uH) 
f 
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(5) 


(9) 
(10) 


(11) 


Roll Pressure Distributions Vs. Contact Length: 


Entry; — P-YIh/hg) explu(Hy -H )] (8) 
Exit: P- if exp (uH) (11) 
he 


Equation(11) Equation(14) (Non next page) 
/ 


Rolling direction ——» 
Neutral pdint 3 


Rolling direction—» 


L —cord of arc of contact (contact length") 


[h—h 
L-Ró-R = R(h -h;) = VRAh 


Remarks: 


[1]. “Friction hill” is indicated by equations (8) 
and (11) is similar to the case of plane strain 
compression of a block. 

[2]. Roll force can be reduced by lowering friction or 
smaller reductions. Reduction, r = (ho -hş J/ ho 
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Example - Rolling 


Commercial purity (1100) aluminum is routinely 
rolled in several passes but without annealing to a 
total reduction of over 98%. Typical n value and total 
elongation for 1100 Al are 0.25 and 35% 
respectively. 


[1]. Find the reduction in area at fracture in a tensile 
test for this material? 

[2]. Compare this to rolling reduction, and 

[3]. Explain the reasons for the difference? 


Example - Rolling 

A strip is cold rolled on a tandem mill. Reductions 

are from 0.6 to 0.45 to 0.3 to 0.2 to 0.14. 

[a]. Calculate the engineering and true strains for 
each pass? 


[b]. Calculate the engineering and true strains in a 


single pass from 0.6 to 0.14. 
[c]. Add up the engineering and true strains in [a]. 


[d]. Compare the strains from [b] and [c]. 
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Flat Rolling (Lecture 17) 


Determination of Neutral Point 


Previous lecture gives roll pressure distribution as: 


Entry: P= Y(h/ho) exp|(H, -H )] (8) 
. h 

Exit: P=Y| = | exp (4H) (11) 
f 


def” 
where H = 2 2 od ET (5) 
h h 
I f 


Equating (8) and (11) gives: 
0 _ explu(Ho - H,)] _ explu(H, -2H,)] (12) 


hş exp uH, ) 


or d dur ey (13) 
n | 0 u he 
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Flat Rolling - Determination of Neutral Point 


(12) h 
H, = sine] (13) 

e 

(5) 
By definition: L 2 L— tan | lI D, (14) 
f f 

- mr zl =a (15) 

n \R R 2 


Calculation procedure for obtainin 6, 
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Flat Rolling - Front and Back Tension 


[1]. Roll force can be reduced quite effectively by 
applying longitudinal tension. 

[2]. Longitudinal tension can be applied at the 
entry (called back tension) or exit (called front 
tension) or both. 


Equations (8) and (11) can be modified as : 


(8) > P-(Y-o,). epi wHg-H) — (19 
0 
(11) => P-(Y-og).- exp LuH] (17) 
f 


(16), (17) => 
[a]. AS o,,7, friction hill | > P 4 = neutral point > exit 
[b]. As op T, friction hill 4 =P += neutral point > entry 


“friction hill” 
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Average Pressure 


If one assumes rolling — plane strain compression and 
neglect curvature, then for sliding friction : 


From earlier plane strain compression of a block: 


Compression block (= roll) pressure variation: 
P/2k - exp(2ux/h) (7-18) 


Avg. block (= roll) pressure: 


P 
-aY = A. ew 2) = ] (7-22) 
2k ub h 


On substituting, for flat rolling, the following: 


b -L-4RAh and h=(hy eh (B) 


h uL 
(B) — (7-22) =>> an = [expt (7-41) 


where average plane strain flow stress, o, = 2k 
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Average Pressure with Back and Front Tension 


P = [eet i)o (7-41) 
av uL h 


For work hardening material, To = (e, + 2 / 2 


where o and 9, flow stress at the entrance and exit 
If front and back tension, o s and e; , are applied: 


(Og + Oy 


Oy 09-0, where o, 7 


(C) 


(C) > (7-41) >P, aceto ~o,) (7-42) 


"friction hill" 


i (Exit) 
I 


i I 
I uS 1 f 
PP dw 
a uh í pus | IN i 
l d p ut D Jj 7 7 ; 7 h 
a PRA SJ Es PT. / / 4 o] 


fi 
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Determination of Rolling Process Parameters 


Average Pressure: 


= 2 {expt Yes) (7-42) 


P 
av uL 


Roll Force: F=L-W.P  (L-W =contact area) 
n— av 


Torque Per Roll: T -(FL/2) 


Power Reqd. Per Roll: 
FL 
Power = To = (aa ) 


SI Units: 
ZFLN 


60,000 


Power = (KN - m/sec. or kW ) 


where F in kN, L=meters, N= rpm 


Imperial Units: 


where F=kips, L=ft, N= rpm 
Note: 1 kN.m/sec. = 1 kW = 1.81 hp 
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Roll Flattening 


If the sheet is thin (small h), roll diameter is large 
(making L large), a large ‘friction hill’ results. 


— Larger roll pressure, P 
av 


— Larger roll separating force/unit width, 


F -(P L) 
D av 


Consequence: 


Flattening (elastic deflection) of the rolls. 
The deflection of rolls puts a limit on minimum 
thickness of the sheet that can be rolled. 
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Roll Bending 


Small rolls when subjected to large separating forces 
cause roll bending. 


Reduced by using: 
[1]. back-up rolls 


[2]. Roll material of high elastic modulus such as 
sintered carbide 
[3]. cambered (or crowned) rolls 


Roll profile with no load 
Roll profile with under load 
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Roll Camber 


Insufficient camber results in centerline cracking, 


warping and edge wrinkling. 


N 


a) — b 
c) 
d) 


e) 


Over-cambered rolls can cause edge cracking, 
splitting and centre line wrinkling. 


) 
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Example - Estimating Rolling Pass Schedule 
Estimate rolling pass schedule for annealed copper 
and mild steel strips from 400 mm wide and 3.0 mm 
thick strips to 400 mm x 2.40 mm with 300 mm 
diameter rolls, if the roll load is not to exceed 2000 
kN. 

Given: 


Material parameters for Cu: 
K(copper)=315 MPa, n(copper)=0.55, 


Material parameters for Steel: 
K (mild steel) = 760 MPa, and n (mild steel)=0.19. 


The coefficient of friction is given as 0.075. 
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Bending and Springback of a 


Work Hardening Material 
(Chapter 12, Lecture 20) 


Power law, c - Kg" 
n 
and c =K'¢" = B (A) 
x xX r 
D/2 
where K'- (2 i 
3 


K'= plane strain strength coefficient 
K and n come from uniaxial tension test. 


t/2 (a) t/2 i 
(12-2): M=2 | wo, zdz E23 wt) zdz 
0 0 i 
' n+2 
T M= 2 \wK'/t (12-9) 
1-27 2 


13 
Earlier, AM = um t — | (12-6) 
r 
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Springback-Workhardening Material (continued) 


Since moment under load, M , is equal to moment 
after springback (M = AM): 


2 \wK/t\8t2 wey. 1 
ERE om 


re \2 12 Vir r 


(DP SES] 
v — (-D-CSYEKIy() ane 


Earlier, for an elastic-perfectly plastic material: 


3o 
] ] 0 
E 12-7 
r r  tE l ) 
7, =0, -A0 =0,-E'As, =o, -E (2-2) 
r r 


a ETO 
«sx T] en 
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Springback-Work hardening Material(continued) 
n l-n 
o, -«(2 E LM | a211) 
r n+2/ t 


A plot of applied and residual stress distributions 
through the sheet thickness from equations (A) and 
(12-11) respectively is shown below: 


Outside 


t 
2 
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Bending with Superimposed Tension 


A. m 
a 2 
— 0 = 
EN: 
a= 2 0 Ox 
2 0 Ex 
strain distribution stress distribution 
t 
+ 
2 
Z 
t 
2 0 a! 


residual stress distribution 
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Sheet Bendability 


Often measured by minimum R/t, i.e., minimum R 
value to which a sheet material can be bent for a 
given initial sheet thickness. 


The lower the R/t value, the better is the *bendability' 


R — radius of the inner bend surface 
t = initial sheet thickness 


Note: R 1s also the radius of the bending tool. 
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Benadability and Reduction in Area at Fracture 


p e| 
Ep = fn — 
f A, 


(12-a) 
= LUI E vA 
r A, 


Ay, Ar = cross-sectional areas at start and at fracture 


r — radius at the mid-plane 


A A 
or 1452429 >" = 


A 
or 1- á Ej B =A (B) 
r+z Ao r+z r 
defn. E 
where A, = v 


A, = Reduction in area at fracture 
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Sheet Bendability (Continued) 


r+z r ® 1] 


— (C) 
Z zZ A, 
At outer (failure) surface (z — J 
(C) 
eisat] -2-1 (C) 
2 t A, 


Also, from geometry, as shown above: 


R-r--i = r/t=R/t+1/2 (D) 


(C),(D) => 255 ul (12-13) 
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Bendability and Reduction in Area at Fracture 


CENE (12-13) 
t 2A, 


A plot of equation (12-13) and some experimental 
Data for sheet metals: 


A,(%) 


Material with a higher A value (reduction in area at fracture) 


= Lower ®/ value — better bendability 


Note: Equation (12-13) is not valid for very sharp 
radius bends due to shift 1n the natural axis. 
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Example: 12-5 (a) of text 


Bending of a linear hardening material 


It is necessary to bend an aluminum alloy sheet 
(0.040 in. thick) to a final radius of curvature of 3 in. 
The plastic portion of the stress-strain curve may be 
approximated by: 


c =(25x10?)+(25x10°) « 
and E'=11x10° psi 


Accounting for springback, what radius of curvature 
must be designed into the tools 1f loading is pure 
bending ? 
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